Spurious faults were observed on the miniature silver fuses of electronic cards used for the cryogenics instrumentation in the LHC (Large Hadron Collider) accelerator at CERN. By applying analytical tools and techniques such as Scanning Electron Microscopy, spectrometry and Weibull reliability calculations and by the knowledge of operating temperatures and operational time of each unit, the origin of the problem has now been understood and can be attributed to electromigration. The selected fuse was operated at moderate temperature and load conditions and was considered as a "lifetime" component. However, it turned out to have a smaller than expected MTTF with failures following a Weibull distribution of β = 3.91 and η = 2323. The literature describes extensively the effects of electromigration, but there are only limited references referring to the impact of this phenomenon on miniature silver fuses for electronic circuits.
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Introduction
In the LHC accelerator, the cryogenics instrumentation infrastructure [1] uses fuse-protected high-voltage temperature transducer cards with galvanic insulation to measure the temperatures of the LHC "current leads" [2] . During the periods 2008-2010 [3] and 2014-2016, spurious faults were observed on the miniature silver fuses of those cards requiring in-situ interventions in the LHC tunnel. Following an increasing number of events, and due to the importance of those instrumentation channels for the LHC operation, a study was launched to understand the underlying failing mechanism.
Temperature transducer cards and spurious fuse failures
The temperatures of the LHC current leads are measured by 1202 temperature cards installed at 19 different LHC shielded locations. The operating current of those cards varies between card families: 1062 cards operate at a current of 500 mA and 140 cards at below 300 mA. The cards were initially protected by a miniature fuse rated at 1 A (Schurter type MSF125), based on a 40 um thin silver filament, operating well below the recommended load factor of 70% as per standard UL 248-14.
During the period 2008-2010, fuse failures started appearing at three LHC locations (total population of 150 cards) as early as 445 days after the installation of their corresponding cards. After 17 such failures, the fuses were replaced by others of the same series offering an increased rated protection of 1.25 A. No further failures were reported in the next 4 years.
During the LHC long shutdown 1 (LS1) that started on February 2013, 764 out of the 1062 cards were upgraded to a new card version consuming less than 300 mA and only 298 of the original "failing type" remained in service. However, during 2014, new fuse failures occurred for the "failing type" cards and 12 such failures were recorded until 2016.
Problem investigation

Weibull reliability analysis
The statistical Weibull reliability analysis [4] can be used to correlate failures, occurring over a period of time, to either "early infant mortality", random failures or "wear out failures". This statistical tool requires information for each unit on its cumulative operational time without failure.
In order to apply this tool on the failures of the two periods, it was necessary to extract data from existing databases taking into account possible exchange of cards for repairs, and the periods during which the cards were unpowered. This task was not trivial taking into consideration that the cards were installed 10 years ago.
The results of the Weibull reliability analysis are shown in Figure 1 . In those graphs, the failures are plotted on a logarithmic time scale x-axis as per cumulative operating time until failure and on y-axis as per cumulative unavailability of their population. An alignment of the points indicate a common failure mode described by a Weibull factor β. The MTTF (Mean Time To Failure) is the point where the fitted line has an unavailability of 63.2%.
In the graphs of Figure 1 , the calculated Weibull factors of β >> 1 indicate strong end-oflife wear-out failures. When comparing the periods 2008-2010 and 2014-2016 for the same LHC locations, it can be understood that the increase of the fuse rating from 1 A to 1.25 A led to an increase of the MTTF from 1687 to 2323 days. This increase could be explained in two ways when considering the decreased current density through the fusing filament of the larger 1.25 A fuses. First, according to the Arrhenius formula [5] , the MTTF would increase by 40 % due to the reduced operating temperature of the filament by 4.5 °C (as measured experimentally). Secondly, according to Black's equation on electromigration, see Chapter 3.3.1, such an increase would also be expected. After communication with the manufacturer, it was confirmed that this device had a "basic MTTF of 125,000 hrs"; a number provided "as is" without reference to current load or operating temperature conditions.
The MTTF values of the current study (55'752 hours), as derived from the Weibull analysis, are well in accordance with another study [6] on similar miniature silver fuses of 40 um fusing filament (75'143 hours).
Correlation on failures with operating temperatures
The LHC locations where the failures appeared are among the warmest. At those locations, the cards operate at temperatures of up to 60 °C; this is because of the tight gaps between the crates and the chosen method of natural convection for air-cooling. In addition, the failures were located mostly at the warmer top part of the double level crates indicating a possible correlation with the operating temperatures.
Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy
Two samples, an unused reference fuse and a fuse that failed in the LHC, were used in a Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) study as shown in Figure 2 . The specimens were coated with a thin layer of gold to create a conductive layer on the sample surface that inhibits charging. This is reflected in the EDS spectrum. The filament of the failed fuse includes distinct regions of material voids and depositions, an indication of electromigration [7] . The EDS analysis shows no differences in the chemical composition between the two samples proving that there were no chemical pollution or corrosion effects. 
Electromigration
The SEM images revealed effects identical to electromigration. Electromigration is the transport of material due to the momentum transfer between conducting electrons and diffusing metal atoms. The dislocated atoms may form voids at their original location and depositions at their final location. The MTTF of failures due to electromigration can be calculated by Black Black's equation on electromigration [8] where A is a material constant, J is the current density, Ea is the activation energy, k is the Boltzmann constant, T is the temperature and n a scaling factor.
Bibliography studies have shown that pure silver is highly susceptible to electromigration due to its low activation energy and high mobility of its grain boundaries. Other metals such as aluminium and copper behave in a similar way. One of the methods to reduce the effects of electromigration is the use of alloys, which tend to increase the activation energy and reduce the mobility of the grain boundaries [7] , [9] .
Laboratory stressed samples
Some fuses of the failing type (1.25 A) were operated under various conditions in the laboratory and they underwent SEM analysis in order to visualize the different types of stress like sudden overcurrent or operation close to maximum tolerable limits. Figure 3 shows three such examples. 
Accelerated lifetime tests
The typical resistance of an unused 1.25 A fuse is ~82 mOhm. Six fuses were removed from the LHC after operating for ~2000 days without a failure and their resistance was measured to be in the range of 87 to 97 Ohm; these abnormally high values may indicate an aging effect. A highly accelerated lifetime test was then executed on unused fuses in an effort to reproduce the resistive measurements of the LHC fuses and to develop a method of fault prediction.
Four unused fuses of the original failing type and other fuse candidates were tested. Due to the limited time, the accelerated tests were run at high temperatures of 150 °C and 175 °C to achieve high acceleration factors as per the Arrhenius model. Those elevated temperatures highly exceed the maximum operating conditions of the fuses. For operation at 175 °C, some of the failures were attributed to material damage (e.g. partial melting of the fuse case). For the runs at 150 °C, no such failures were observed. The fuse filament resistances after the test were significantly higher (Table 1) but did not match those of the six fuses removed from the LHC. A predictive formula based on resistive measurements after a highly accelerated test could not be derived, as the aging and electromigration effects develop, most likely, at different rates at those very high temperatures.
Consolidation Year-End Shutdown 2016-2017
During the LHC year-end shutdown of 2016-2017, the fuses of all insulating temperature cards were replaced by a new type of fuse with a higher stated reliability as per information provided by the manufacturer (Littelfuse 027201.5). Due to limited time, the new fuses were not tested under SEM/EDS to reveal their composition but such a test will be performed. In certain cases, the electronic cabinet separation was increased to improve the natural convection cooling resulting in a lower fuse temperature. Cooling fans were installed at some racks exhibiting higher temperatures values; a temperature reduction of 20 °C was achieved on the top of one rack.
Summary
A family of electronic cards was experiencing failures in their miniature silver fuses due to electromigration. The risk of such failures is not sufficiently documented in the bibliography. The datasheets of miniature fuses do not typically provide MTTF values and references for reliability prediction of electronic equipment, such as the MIL-HDBK-217F [10] , would result in calculated MTTF values in the range of millions of hours.
Statistical Weibull reliability analysis provided strong indications of the wear-out failure mechanism and the SEM analysis was proven a reliable and effective method of assessing the status of such fuses.
